such network is the Soil Climate Analysis Network (SCAN) of the NRCS (Schaefer et al., 2007) . Th is network, which currently comprises more than 150 stations in 39 states, uses Hydra impedance sensor real permittivity, imaginary permittivity, and temperature output to estimate depthwise soil water content, salinity, and temperature (SCAN, www.wcc.nrcs.usda.gov/scan/ [verifi ed 9 Oct. 2011]) . A substantial number of network sites are located in cold regions, at high latitudes, high elevations, or both, that are prone to soil water freezing.
It was the purpose of this study to examine whether Hydra impedance sensor data can be used to determine depthwise water retention in seasonally frozen soils. If successful, this would provide a cost-eff ective way to determine the water retention of near-surface soil layers for Hydra sensor sites that could be used to supplement any existing data derived from soil samples taken during sensor installation. Th e availability of comprehensive soil water retention data for the Hydra sites would be especially benefi cial for numerical soil water modeling studies whose predictions are sensitive to the prescribed depthwise soil water retention curves. Th e specifi c objectives of this study were: (i) to demonstrate how Hydra sensor data can be used to calculate depthwise soil water retention data using fi eld observations from fi ve sites in southeastern Wyoming, and (ii) to verify the calculated depthwise soil water retention data using laboratory-measured soil water retention curves obtained using a pressure plate apparatus and a dew-point potentiometer.
MATERIALS AND METHODS

Field Monitoring
Field data were collected in four farmers' fi elds and in a rangeland soil, all in southeastern Wyoming (Table 1) . Th e farmers' fi elds were at 1588 to 1654 m above mean sea level and were used for dryland farming. Crop rotations included 2-yr wheat (Triticum aestivum L.)-fallow (fi elds CH-CONV and AL-CONV), 3-yr wheat-oat (Avena sativa L.)-fallow (fi eld CH-REDU), and 4-yr wheat-corn (Zea mays L.)-proso millet (Panicum miliaceum L.)-sunfl ower (Helianthus annuus L.) (fi eld AL-REDU), where CH and AL stand for the nearby towns of Chugwater and Albin, respectively. Th e fi elds were under conventional (CONV) or reduced (REDU) tillage. Th e rangeland soil was at 2217 m above mean sea level at the University of Wyoming livestock farm, west of Laramie. Th e rangeland consisted of cool-season (C 3 ) grasses dominated by Sandberg bluegrass (Poa secunda J. Presl). Th e climate in southeastern Wyoming is semiarid, with short cool summers and long cold winters. Th e mean annual precipitation for the farmers' fi elds was 405 to 468 mm, with monthly mean air temperatures varying between −2.1°C in January and 21.4° in July. Th e mean annual precipi- Table 1 . Location, including altitude (in meters above mean sea level), dry bulk density, 1:1 soil water electrical conductivity at 25°C (EC 1:1,25 ), soil texture, and soil textural class for the four farmers' fi elds and the rangeland soil in southeastern Wyoming. Sept. 2010 (CH-REDU) . Th e sensor installation and removal dates varied among fi elds to accommodate farmer operations. Th e monitoring periods for the farmers' fi elds centered around the wheat phase of the crop rotations. Th e actual crop rotation for the AL-REDU fi eld deviated from the anticipated crop rotation during the study. For the AL-REDU fi eld, wheat harvested in July 2008 was followed by a second wheat crop in 2008-2009, which was not harvested due to hail damage, and by a reemerging wheat crop in 2009-2010, which was killed chemically in May 2010 before reaching maturity. Th e sensors in the CH-REDU fi eld were moved laterally by about 5 m on 23 Oct. 2009 to ensure close proximity to the newly seeded wheat plants and to replace the malfunctioning sensor at the 10-cm depth. Th e sensors were logged at 2-h intervals using DOT dataloggers (Stevens Water Monitoring Systems). Th e rangeland soil was fi tted with Hydra impedance sensors on 7 July 2009. Th e sensors were installed at 7.5, 15, 25, 45, and 65 cm below the soil surface. Th e sensors at the 7.5-and 15-cm depths started malfunctioning on 18 June and 17 May 2010, respectively, and were replaced on 24 Aug. 2010. Th e sensors were logged at 2-h intervals using a CR1000 datalogger (Campbell Scientifi c, Logan, UT) .
Th e soil complex relative permittivity, ε*, was calculated from the Hydra sensor impedance measurements using (Kelleners et al., 2009a) ( )
where ε′ and ε″ are the relative real and imaginary permittivities, respectively, Z in ′ and Z in ″ are the real and imaginary input impedances, respectively, of the Hydra sensor tines in the soil, Z c air = 115 Ω is the characteristic impedance of the sensor tines in air, c = 2.9979 × 10 8 m s −1 is the velocity of light in a vacuum, ω = 2πf is the angular frequency, with f = 50 MHz being the frequency, L = 0.06 m is the length of the tines, and j = √(−1). Th e soil temperature was obtained from the thermistor embedded in the Hydra sensor's bottom plate. Th e accuracy of the temperature measurement was ±0.6°C for a temperature range of −10 to 36°C (Stevens Water Monitoring Systems, 2007) . Missing permittivity and temperature values were fi lled in using linear interpolation. Th e Hydra sensor relative real permittivity ε′ in unfrozen soil was converted to volumetric soil water content, θ w , using the following relationship based on the refractive index model (Ledieu et al., 1986) :
where the dimensionless empirical coeffi cients a and b for each sensor were taken from a Hydra sensor calibration study for Wyoming soils conducted by Kelleners et al. (2009b) , resulting in a = −0.0006ε sat ″ + 0.1222 and b = −0.2029, with ε sat ″ being the saturated soil imaginary permittivity. Th e saturated soil imaginary permittivity was not measured independently but approximated by the maximum value of the fi eld-measured relative imaginary permittivity during the ?2-yr monitoring periods. Equation [2] could not be used for frozen soils because of the presence of ice. Th e liquid soil water content, θ w , and soil ice content, θ i , in frozen soil were calculated using a dielectric mixing model (Roth et al., 1990; Bittelli et al., 2003; Flerchinger et al., 2006) :
where ε w , ε i = 3, ε s , and ε a = 1 are the relative permittivities of liquid water, ice, solid particles, and air, respectively, φ is the soil porosity, and α is an exponent that varies between −1 (soil phases in series) to +1 (soil phases in parallel). Th e value of ε w was calculated as a function of temperature T (K) using (Lide, 2007) 2 w 249.21 0.79069 0.00072997
Th e values for α and ε s were optimized for each sensor depth by minimizing the diff erences between ε′ predictions as a function of θ w according to Eq.
[2] and [3] for unfrozen soil using the Matlab fmincon function (Th e MathWorks, Natick, MA) with limits 0.4 ≤ α ≤ 1 and 1 ≤ ε s ≤ 10. Values for θ w and θ i in frozen soil were then calculated using Eq.
[3] and the assumption that the soil water content at the onset of a freezing episode, θ w,0 , represents the total amount of soil water (liquid and ice) during the entire freezing episode (Seyfried and Murdock, 1996; Flerchinger et al., 2006) :
where ρ i = 0.92 and ρ w = 1.0 g cm −3 are the densities of ice and liquid water, respectively. Th is method to calculate θ w and θ i in frozen soil results in two equations (Eq.
[3] and [5] ) and two unknowns (θ w and θ i ). Th e method is approximate because soil water fl ow does not cease immediately on freezing, and hence θ w,0 is not always constant. In fact, a complicated new situation emerges where soil ice formation leads to a reduction in the soil water potential, inducing soil water fl ow toward the freezing region, which is counteracted by a reduction in the soil hydraulic conductivity due to the blocking eff ect of ice formation in the soil pores (Lundin, 1990; Hansson et al., 2004) . Th e method was necessary because a Hydra sensor ε′ measurement at 50 MHz cannot be used to separately estimate θ w and θ i in frozen soil. Th e depthwise dry bulk density for the farmers' fi elds and the rangeland soil was measured at the time of sensor installation using a core sampler with a volume of 137 cm 3 . For the farmers' fi elds, the bulk density was sampled at 10-cm intervals from 0 to 100 cm below the surface and averaged for 20-cm intervals to match the sensor depths. For the rangeland soil, the bulk density was sampled at 10-cm intervals from the 0-to 70-cm depths and averaged according to the sensor depths. Th e resulting depthwise dry bulk density for all sites is shown in Table 1 . Soil porosity φ was calculated from the dry bulk density ρ b using
where ρ s = 2.65 g cm −3 is the density of the solid particles. Additional disturbed soil at the sensor depths was taken during sensor installation for laboratory analysis of soil texture, soil water retention, and soil water electrical conductivity.
Laboratory Analysis
Th e disturbed soil from the fi eld monitoring sites was air dried, crushed, and sieved to remove particles >2 mm. Depthwise soil particle size was determined using the hydrometer method (Gee and Or, 2002) . Th e rangeland soil used in the particle size analysis was centrifuged with 1 mol L −1 NaOAc followed by centrifuging with distilled water until a clear supernatant was observed to remove CaCO 3 . Th e farmers' fi eld samples were not pretreated. Th e electrical conductivity of the soil water was measured by extracting pore water from 1:1 (w/w) mixtures of air-dry soil and deionized water and by analyzing the extract using an Accumet AP85 conductivity probe at 25°C (Fisher Scientifi c, Pittsburgh, PA). Th e resulting soil texture data, soil class, and EC 1:1,25 data are shown in Table 1 .
Th e depthwise soil water retention for the four farmers' fi elds and the rangeland soil was measured in the laboratory using disturbed soil from the monitoring sites. For each depth, a range of 10 water retention points was obtained by adding one to 10 drops of tap water (?0.05 g drop −1 ) to 2.5 g of air-dry soil. Th e resulting 10 samples were covered and left to equilibrate overnight before the total soil water potential (matric and osmotic potentials) was measured using a WP4 dew-point potentiometer (Decagon Devices, Pullman, WA). Th e accuracy of the WP4 was ±0.1 MPa from 0 to −10 MPa and ±1% from −10 to −300 MPa (Decagon Devices, 2007) . Th e samples were then weighed, oven dried for 24 h at 105°C, and weighed again to determine the mass of water in the samples. Th e volumetric soil water content, θ w , was calculated from the gravimetric soil water content, w, using θ w = wρ b /ρ w . Finally, the soil water pressure head, h p , was calculated from the total soil water potential (converted to head and denoted as h e ) by subtracting the osmotic head h o :
where R = 8.3 J mol −1 K −1 is the gas constant, T = 298.15 K is the laboratory temperature, m is the molality (mol solute kg −1 water), and g = 9.8 m s −2 is the acceleration due to gravity. It should be noted that the summation of the pressure and osmotic potential to obtain the total potential, as implied by Eq. [7] , has been questioned in the literature. Corey and Kemper (1961) and Corey and Klute (1985) , for example, argued that the pressure potential refers to the soil solution while the osmotic potential refers to the water component only and that these potentials cannot be simply added. We elected to use Eq. [7] in this study anyway because of the lack of a clear alternative to combine the pressure and osmotic potentials. Th e molality at θ w , m(θ w ) (mmol kg −1 ), was calculated using the empirical relationship of Marion and Babcock (1976) where EC w,25 (dS m −1 ) is the electrical conductivity of the soil water at 25°C (EC w,25 = EC 1:1,25 ρ b /ρ w θ w ) and v = 2 is the assumed valence of the dominant ions in solution. Two additional soil water retention points at h p = −5 and −10 m (−0.05 and −0.1 MPa, respectively) were measured from 18-cm 3 disturbed soil samples using a pressure plate extractor (Dane and Hopmans, 2002) . Th e θ w values for the two points were calculated from w using the same ρ b value as used for the WP4 data to ensure that all measured and calculated soil water retention data were based on the same fi eld-measured dry bulk density. A fi nal soil water retention point at saturation was obtained by assuming h p = −0.01 m (−1 × 10 −4 MPa) at θ w = φ. Overall, this resulted in a maximum of 13 soil water retention points for each depth. In practice, fewer retention points were obtained for relatively coarse-textured layers because the wettest WP4 samples oft en showed total water potentials > −0.1 MPa, which could not be reliably read with the dew-point potentiometer.
Soil Water Potential in Frozen Soil
Th e depthwise equilibrium potentials of liquid water in contact with ice, h e (in m; T ≤ 273.15 K), for the four farmers' fi elds and the rangeland soil were calculated from the Hydra sensor measured soil temperature by integrating the Clapeyron equation, assuming zero ice pressure, and accounting for the temperature dependency of the latent heat of fusion (Spaans and Baker, 1996) : 
Th e calculated volumetric soil ice content, θ i , was used to check whether the soil was indeed frozen (soil water may not freeze immediately at subzero temperatures due to matric and osmotic potentials lowering the energy status of the water and due to supercooling, in which case Eq. [10] cannot be used). Th e h p value in frozen soil was calculated from h e by subtracting the osmotic head h o (Eq. [7] [8] [9] ) using the measured EC 1:1,25 values (EC w,25 = EC 1:1,25 ρ b/ ρ w θ w ). Alternatively, values for h o and h p in frozen soil could potentially also be calculated by determining EC w,25 in Eq. [9] from the Hydra sensor imaginary permittivity using the conceptual soil electrical conductivity model for unsaturated soil as developed by Mualem and Friedman (1991) where the numerator is the Mualem and Friedman model and the denominator is an EC temperature correction (e.g., Ma et al., 2011) . Th e bulk soil electrical conductivity, EC b , is calculated as
Th is alternative method accounts for temporal variability in the soil EC due to possible solute transport during the monitoring period, in contrast to the fi rst method where the EC values are based on sampling at the time of sensor installation. Note that the contribution of the solid surface conductivity to EC b in Eq.
[11] was neglected. Quantifi cation of the solid surface conductivity would require information on the cation exchange capacity of the soil and the equivalent conductance of the counterions on the exchange complex (Waxman and Smits, 1968; Revil and Glover, 1998) . Th e possible contribution of dielectric relaxation loss to ε″ in Eq.
[12] was also neglected. Neglecting the contribution of solid surface conductivity to EC b (Eq. [11]) and relaxation loss to ε″ (Eq. [12]) may result in an overestimation of EC w,25 and hence overprediction of the contribution of h o to the total soil water potential. Th e overprediction of the osmotic head contribution to h e will be highest in relatively fi ne-textured soils that generally exhibit relatively high solid surface conductivity and relaxation loss at 50 MHz (Kelleners and Verma, 2010) .
Soil Water Retention Parameters
Both the laboratory measurements and the Hydra sensor monitoring data in frozen soil resulted in sets of depthwise soil water retention (h p vs. θ w ) data for the four farmers' fi elds and the rangeland soil. Th e Hydra sensor retention data were limited to the fi rst freezing cycle during each winter so that only data points for which the temperature was lower than any previous temperature during that winter were included. Th is procedure was recommended by Spaans and Baker (1996) to limit the effect of hysteresis on the water retention data. Th e van Genuchten (1980) soil water retention model was fi tted to the individual h p -θ w data sets, establishing separate curves for the laboratory and Hydra sensor monitoring data for each depth:
where θ r is the residual volumetric soil water content, and α vg (m −1 ), n, and m are empirical shape factors with m = 1 − 1/n. To decrease the degrees of freedom, θ r was fi xed to 0.01 m 3 m −3 and φ was fi xed to the value determined from the bulk density during fi tting. Th e values of α vg and n were optimized with the help of the fmincon function in Matlab, using boundaries of 0.001 ≤ α vg ≤ 0.5 cm −1 and 1.05 ≤ n ≤ 5 (e.g., Carsel and Parrish, 1988) . Th e objective function Φ minimized during the data fi tting was
where the asterisk denotes measured values as opposed to fi tted values (no asterisk).
RESULTS AND DISCUSSION
Dielectric Mixing Model Calibration
Th e calculated depthwise empirical coeffi cient a in Eq.
[2] and the optimized ε s and α values in Eq.
[3] for the four farmers' fi elds and the rangeland soil are given in Table 2 . Th e calculated a values of 0.098 to 0.118 in Table 2 compare reasonably well to a = 0.096 to 0.125 for Hydra sensor calibrations for 12 soil profi les as conducted by Seyfried et al. (2005) and to a = 0.115 for time domain refl ectometry (TDR) measurements of soil water content as given by Topp and Reynolds (1998) . All soil depths showed a real permittivity that was equal to, or higher than, the apparent permittivity ε ap as predicted by the equation for a given soil water content (values not shown). Th is was expected because Hydra sensors operate at a relatively low frequency of 50 MHz compared with TDR (maximum frequency generally >1 GHz), resulting in additional polarization in most soils. Th e additional polarization leads to ε′ > ε ap even though ε ap includes not only ε′ but also a contribution of ε″ (Von Hippel, 1954) . It is important that the additional polarization at the Hydra sensor frequency of 50 MHz is relatively small. Signifi cant additional polarizations would prevent the use of a dielectric mixing model such as Eq.
[3] because the soil could no longer be viewed as a simple mixture of solids, air, and water. Luckily, additional polarization proved to be small for the sandy loam to clay loam soil layers used in this study. As a result, the optimized values for ε s and α in Table 2 are physically realistic. Measured values for ε s are commonly around 5, with a range of 2.5 to 10 (Sihvola, 1999; Robinson et al., 2003) . Th e optimized values for ε s in Table 2 are between 3.730 and 5.659 with one exception (ε s = 10 for CH-REDU at the 90-cm depth). Th e relatively high ε s = 10 value is due to the uncommonly low fi eld-measured ρ b of 1.11 g cm −3 for this depth (Table 1) , resulting in an unrealistically high value for porosity being used to indicate the range of soil water contents in Eq.
[2] and [3] . Th e optimized values for α of 0.585 to 1.0 in Table  2 are higher than the α = 0.46 value found by Roth et al. (1990) for TDR in soils, but compares well with the α = 0.65 value found by Dobson et al. (1985) for 1.4-to 18-GHz measurements in soils. Bittelli et al. (2003) , using transmission line oscillator soil water content measurements in three soils and a sandstone, found ranges of 3.11 ≤ ε s ≤ 4.82 and 0.65 ≤ α ≤ 0.89, in line with our results.
Field Soil Moisture and Temperature Dynamics
Th e measured soil temperature, calculated θ w (Eq. [2] for unfrozen soil, Eq. [3-5] for frozen soil), and calculated θ i (Eq. [3-5]) for the farmers' fi elds in the Albin area, the farmers' fi elds in the Chugwater area, and the rangeland soil are shown in Fig. 1, 2 , and 3, respectively. Soil temperature dynamics for the four farmers' fi elds were similar owing to the fact that there was relatively little diff erence in latitude and altitude among the fi elds. Diff erences in soil type, crop rotation, and tillage practices seemed to have relatively little impact on the soil temperature regime. Soil temperatures in winter decreased to −10°C near the surface, with subfreezing temperatures penetrating to the 50-cm depth. A large drop in the soil temperature in early July 2009 for the CH-REDU fi eld was associated with a number of large rainstorms during this period resulting in signifi cant recharge of relatively cold water (Fig. 2) . Th e resulting dip in soil temperature disappeared quickly as conduction became the dominant heat transport mechanism again aft er the recharge had ceased. Th e temperature regime in the rangeland soil was similar to the farmers' fi elds, with a minimum soil temperature near −10°C and subfreezing temperatures to the 65-cm depth. Winter soil temperatures in the rangeland soil were moderated somewhat due to the insulating eff ect of snow cover. Occasional manual snow depth measurements showed that the site was covered with up to 32 cm of snow during the winter (values not shown).
Soil water contents were highest in the CH-CONV fi eld, especially below the 10-cm depth (Fig. 2) . Th is refl ects the relatively fi ne-textured soil layers (loam, clay loam, and silt loam) in the subsurface of the CH-CONV fi eld compared with the other farmers' fi elds (Table 1) . Th e rangeland soil showed relatively low soil water contents despite the presence of relatively fi ne-textured soil layers (loam and sandy clay loam) in the subsurface. Th e low water contents were attributed to the low precipitation for the rangeland soil (275 mm yr −1 ) and the year-round vegetation cover. Th e development of extensive root systems by the native cool-season grasses may also have contributed to the relatively low soil water contents. Sharp decreases in the soil water content were observed for all fi ve sites during the winter and were due to soil water freezing. Th e relative real permittivity of ice of 3 in the megahertz region is much lower than the relative real permittivity of liquid water of ?80, resulting in a drop in soil water as measured by the 50-MHz Hydra sensors. Liquid water generally reappeared in February to March when the soil thawed. Th e winter wheat growing periods are indicated by horizontal bars in the soil water content panels of Fig. 1 and 2 . Th e eff ects of wheat root water uptake are visible mainly from April to June when the winter wheat was in its development and mid-season stages (Allen et al., 1998) . Th e eff ects of roots on the soil water content may not always be apparent during this period because of large rainfall events that were oft en associated with severe thunderstorms (most precipitation in southeastern Wyoming is received in May and June).
Th e calculated soil ice contents show that the four farmers' fi elds were generally frozen between early December and mid-March ( Fig. 1 and 2) . Th e rangeland soil froze a little earlier and was frozen from late November to mid-March (Fig. 3) . Individual depths froze from the top but may have thawed from both the top and the bottom. Calculated soil ice contents for the topsoil generally ranged between 0.1 and 0.15 m 3 m −3 in winter, suggesting that a signifi cant fraction of the pore space was occupied by ice. Note that, because of the calculation method used, the sum of liquid water and ice never exceeded the total water content at the onset of freezing. Th is implies that, in reality, the ice contents may have been higher than is suggested by Fig. 1 to 3 because additional liquid water may have been drawn to the freezing region during freezing.
Soil Electrical Conductivity
Soil EC estimates according to the laboratory EC 1:1,25 data and the Hydra sensor imaginary permittivity measurements are compared in Fig. 4 for all fi ve sites and for all depths. To enable a fair comparison, both the laboratory data and the Hydra sensor measurements were converted to the EC at saturation at 25°C using EC sat,25 = (ρ b /ρ w )EC 1:1.25 /φ and EC sat,25 = θ w EC w,25 /φ, re-spectively. Error bars are used to indicate the standard deviation in the Hydra sensor calculated EC sat,25 values during the monitoring periods. Th is seemed appropriate because no dramatic changes in soil salinity were expected with time because the sites were rain fed and received little chemical inputs (none for the rangeland soil).
As expected, the comparison shows that, on average, the Hydra sensor EC sat,25 values were too high. Th is seems to confi rm that the exclusion of solid surface conductivity and relaxation loss from Eq. [11] and [12] , respectively, resulted in an overestimation of EC w,25 and hence in an overestimation of EC sat,25 when imaginary permittivity was converted to soil EC. It is noteworthy that even for the CH-REDU fi eld, the fi eld with the highest average sand content, the discrepancy in EC sat,25 values is substantial in Fig. 4 . Th is indicates that even for this relatively coarse-textured fi eld, solid surface conductivity and relaxation losses were not negligible. Th e low coeffi cient of determination of the laboratory vs. Hydra sensor EC sat,25 data of R 2 = 0.001 (value not shown) shows that the results for the two methods were not correlated. Th erefore, only the laboratory EC 1:1,25 data were used to calculate water retention points from the Hydra sensor data. 
Calculated Soil Water Potential
Calculated pressure head and osmotic head for the top two sensor depths in two farmers' fi elds (AL-CONV and CH-CONV) and for the rangeland soil are shown in Fig. 5 . Th e results for the AL-REDU and CH-REDU fi elds are not shown for economy of space. Th e osmotic head was calculated from the laboratory EC 1:1,25 data. Only the results for the top two sensor depths are shown because that is where soil freezing was most signifi cant. Th e head values are provided on a logarithmic scale, with low values indicating small suction and high values indicating high suction. Note that the osmotic head was calculated for the entire monitoring period, while the pressure head could only be calculated for frozen soil periods. Th e relatively low log(−h o ) values in Fig. 5 for the AL-CONV and CH-CONV fi elds show that the osmotic head contributed relatively little to the total water potential in these two farmers' fi elds, resulting in h p values close to the calculated h e values (Eq. [10] , h e values not shown). Comparing the diff erent depths within individual sites (left and right panels in Fig. 5) , it is clear that the relative contribution of h o increased with depth due to lower h e and h p values, brought about by less severe soil freezing at greater depth (h e not shown). Th e osmotic head values for the rangeland soil at 7.5 cm can be signifi cant [log(−h o ) > 3.5] outside of the main frozen soil periods (Fig. 5) . Th e signifi cant h o values [high log(−h o ) values] during September 2009 in the rangeland soil were due to soil water freezing of the topsoil overnight that did not penetrate deep enough to result in freezing temperatures at the top Hydra sensor at the 7.5-cm depth. Th e sphere of infl uence of the Hydra sensor detects liquid water being converted into ice (see Fig. 3 , middle panel), but T ≥ 0°C at the 7.5-cm depth resulted in no ice contents being calculated. Th e resulting low liquid water content at the 7.5-cm depth resulted in high EC w,25 values (increased concentration of ions), leading to high molality m(θ w ) and large log(−h o ). In contrast, the log(−h o ) > 3.5 values for the rangeland soil during June 2010 were the result of the topsoil becoming depleted due to warm and dry conditions. Th e low water contents again led to high calculated molalities. Similar to the two farmers' fi elds, the contribution of h o to h e (h e not shown) was small for the rangeland soil during the two main freezing periods.
Measured and Calculated Soil Water Retention
Laboratory and Hydra sensor soil water retention data for the two farmers' fi elds in the Albin area, the two farmers' fi elds in the Chugwater area, and the rangeland soil are shown in Fig.  6 , 7, and 8, respectively. For the farmers' fi elds, only the top three sensor depths are shown because lower depths did not freeze and therefore yielded no water retention data. Th e Hydra sensor retention data were based on the laboratory-measured EC 1:1,25 data. Fitted soil water retention curves for the laboratory and Hydra data are also shown. Th e resulting soil water retention parameters α vg and n in Eq.
[13] are given in Table 3 .
Figures 6, 7, and 8 show that the laboratory-measured and Hydra sensor calculated soil water retention data points compare reasonably well for some sites and depths but not for all. Deviations between the laboratory and Hydra sensor retention data were attributed to the accuracy of the Hydra sensor temperature measurement (reported accuracy ±0.6°C), the assumption of zero ice pressure, and the assumption of constant total water content (liquid water plus ice) during freezing episodes. An error in the soil temperature measurement of 0.1°C, for example, results in an error in h e of ?12 m, which is especially signifi cant for freezing temperatures close to zero that are used to describe the wet range of the water retention curve. Th e validity of the zero ice pressure assumption was impossible to verify even though no frost heave was observed at our sites. Th e eff ect of the constant total water content assumption on the laboratory vs. Hydra sensor comparison is impossible to quantify without an independent measurement of either liquid water content, ice content, or total water content during freezing. Th e incurred error because of this assumption is likely to have been a function of soil type, initial water content at the start of freezing, soil water ion concentration, and the speed of the freezing process.
Th e Hydra sensor data frequently showed parallel water retention branches. Th is behavior was partly due to the replacement or relocation of sensors during the summer of 2010 (CH-REDU and the rangeland soil at the 7.5-and 15-cm depths), while in other cases it refl ects the two separate freezing cycles for the two winters (AL-REDU at 30 cm, CH-CONV at 10 cm, and rangeland soil at the 25-and 45-cm depths). Th e parallel branches for these last cases indicate that the soil water content at the start of soil water freezing infl uences the freezing characteristic. On occasion, the Hydra sensor water retention data appeared to not be representative, with multiple data pairs showing increasing log(−h p ) values for the same soil water content. Th is is especially clear for AL-REDU at the 10-cm depth and for the rangeland soil at the 25-, 45-, and 65-cm depths. Th e nonrepresentative points always occurred at the start of a freezing cycle and were probably the result of no soil ice being present. In the absence of soil ice, even under subfreezing temperatures, the use of the Clapeyron equation will yield erroneous data points.
Th e comparison between the laboratory and Hydra sensor fi tted curves was generally poor with a few exceptions (AL- REDU at 30 and 50 cm, CH-REDU at 10 and 30 cm, and the rangeland soil at 7.5 cm). Th is is also refl ected in the large disparity between laboratory and Hydra sensor optimized α vg values in Table 3 for most sites and depths, with Hydra sensor α vg values frequently being at their upper limit of 0.5 cm −1 . Th e generally poor quality of the fi tted curves for the Hydra sensor data was attributed to the relatively small range of θ w and h p values covered by the Hydra data compared with the laboratory data. We expect that the inclusion of more freezing cycles (more winters) would improve the performance for the Hydra data. Th is is especially true if the added freezing cycles start at a relatively high soil water content and if the soil freezing is relatively severe [low temperatures resulting in high log(−h p ) values]. Note that including all freezing data in the analysis would not be benefi cial because the fi rst freezing cycles, as used in this study, already covered the maximum range in θ w and h p values within each winter. Removal of the erroneous data points mentioned above (soil not yet frozen) might also improve the quality of the Hydra sensor fi tted curves somewhat (not attempted in this study).
In addition to the coeffi cients of determination for the laboratory and Hydra sensor data given in Table 3 , we also calculated the correlation between the Hydra sensor water retention data and the fi tted curve according to the laboratory data. Th e resulting R 2 values matched the R 2 values for the Hydra sensor data given in Table 3 almost exactly for all sites and for all depths. Th is implies that the laboratory and Hydra sensor fi tted curves describe the Hydra sensor data about equally well. Th is provides a clear indication that inclusion of more freezing cycles, especially those that cover a wide θ w and h p range, will result in the Hydra sensor fi tted curve becoming closer to the laboratory fi tted curve.
A point of concern is the shape of the soil water retention curve near saturation. Equating the saturated soil water content to porosity, as was done in this study, is not ideal because under fi eld conditions the saturated soil water content (describing satiation) is oft en lower than the porosity (Hillel, 1998) . Basing the porosity at each depth on only one or two dry bulk density measurements further limited the accuracy. In addition, several researchers have pointed out that water retention in many fi eld soils is described more accurately when the water retention properties of the soil matrix and of the macropores are described more explicitly instead of using a single sigmoidal curve for the entire soil (Gerke and van Genuchten, 1993; Durner, 1994) .
Th e use of the Clapeyron equation too has its limitations near saturation. It has been argued that the soil water freezing curve as calculated using the Clapeyron equation only resembles the soil water retention curve in unfrozen soil when the soil water is held by adsorptive forces and not by capillary forces (Koopmans and Miller, 1966; Spaans and Baker, 1996; Bittelli et al., 2003) . Th is implies that the Clapeyron equation should only be applied in the dry region of the water retention curve where adsorption dominates. In the wet range, where capillary water is prominent, complicated corrections would be needed to account for the presence of both air-water and ice-water interfaces in the capillaries, which have diff erent surface tensions (Koopmans and Miller, 1966) .
Given the above, it seems fair to conclude that the Hydra sensor technique presented here to estimate soil water retention will only yield reliable information in the dry range of the retention curve. Th is means that the Hydra sensor data can only be used to estimate θ r and n in the van Genuchten model because both θ s and α vg describe only the wet range of the retention curve. Note that θ r was fi xed to 0.01 m 3 m −3 in this study. For θ r to be estimated, more severe freezing is needed [larger log(−h p ) values] than was observed at our study sites.
A fi nal issue concerns the use of soil porosity in the calculations. If solely Hydra sensors were to be used to calculate soil wa- Table 3 . Optimized laboratory and Hydra sensor depthwise van Genuchten (1980) soil water retention parameters α vg and n for the four farmers' fi elds and the rangeland soil in southeastern Wyoming. The coeffi cients of determination, R 2 , describe the correlation between the data points and the fi tted curves. Porosity, φ, was calculated from dry bulk density (the same value used for laboratory and Hydra sensor determinations). Residual volumetric soil water content θ r = 0.01. The Hydra sensor parameters were based on the laboratorymeasured 1:1 soil water electrical conductivity at 25°C (EC 1:1,25 ) ter retention (no outside data such as ρ b and EC 1:1,25 ), this would mean that the porosity would have to be based on the maximum soil water content as measured in unfrozen soil. Th e estimated porosity would then be used in the dielectric mixing model and the van Genuchten (1980) soil water retention model to estimate the soil water retention points. In this scenario, EC sat,25 would ideally be calculated using the Hydra sensor imaginary permittivity. Given the observations that Hydra sensor calculated EC sat,25 is unreliable (Fig. 4 ) and the contribution of h o is small relative to h p (Fig. 5) , however, we elected to neglect the osmotic potential altogether in this scenario. Th is way, only Hydra sensor data were used to calculate the soil water retention and no additional fi eld measurements were needed. When applied to our fi ve sites, the results from the scenario in which no outside data were used show that the calculated Hydra sensor soil water retention data are very similar to those shown in Fig. 6 , 7, and 8 (results not shown), indicating that this is a viable option. Th e use of the estimated (lower) porosities in the dielectric mixing model led to relatively small changes in the α and ε s values during the mixing model calibration compared with the values given in Table 2 , with one exception. Th e large ε s = 10 value for the CH-REDU fi eld at 90 cm was reduced to a more realistic ε s = 4.412 because the unrealistically low dry bulk density at this depth was no longer part of the calculation. Th e lower porosities in this scenario did have a signifi cant impact on the fi tted curves for the Hydra sensor data, however, with both φ and α vg in Eq.
[13] being substantially lower for most sites and depths (values not shown). Th e van Genuchten n value, which describes the slope of the retention curve, was both higher and lower than before, with no clear pattern. Th e coeffi cients of determination for the fi tted curve for the Hydra sensor data were also altered, with a trend toward slightly increased R 2 values.
CONCLUSIONS
Th e quality of the comparison between the laboratory and Hydra sensor soil water retention data varied for the fi ve sites and the diff erent depths. Th e R 2 values between the Hydra sensor data and the fi tted curve for the laboratory data varied between 0.0 and 0.94 for individual depths, with an average of 0.63. Th e highest R 2 values were generally found for the uppermost sensors (0.74 ≤ R 2 ≤ 0.93 across all fi ve sites), indicating that the relatively large range in h e and h p values there (more severe soil water freezing) signifi cantly improved the quality of the comparison. We expect that more severe freezing events for the deeper depths would increase the quality of the comparison there, too. Use of the Hydra sensor imaginary permittivity to potentially calculate the osmotic head was shown to yield erroneous values because solid surface conductivity and relaxation losses are nonnegligible for the soils used in this study, leading to inaccurate EC w,25 values and hence inaccurate osmotic heads. Overall, it was shown that the contribution of the osmotic potential to the total soil water potential was small during the frozen soil periods.
Th e Hydra sensor data gave reasonable soil water retention data even when no other outside data were used, with porosity being equated to the maximum soil water content in unfrozen soil and osmotic head being neglected. Th e quality of the fi tted parameters in the van Genuchten (1980) water retention model for the Hydra sensor data was oft en poor. Th is was attributed to the relatively small range in θ w and h p values for all sites and depths. Th is was most obvious at the deeper sensor depths, where the range in values was sometimes very small owing to the relatively short, and relatively moderate, freezing there. Fixing the value of θ r to 0.01 m 3 m −3 helped to improve the quality of the fi tted curves for the Hydra sensor data but was immaterial with regard to the wet end of the water retention curves. Given that the soil porosity, φ, is not known a priori, given that φ and the air-entry parameter α vg are strongly correlated, given the dualporosity nature of most fi eld soils, and given the limitations of the Clapeyron equation near saturation, it may not be realistic to expect a high-quality fi tted curve for the Hydra sensor data. Th is implies that water retention data from frozen soils need to be supplemented with independently measured water retention data in the wet range to determine a complete soil water retention curve for each soil depth.
